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ABSTRACT

&n analysis of the Lunar Orbviter Picture Data System performonce hes
teen made for both nominal and off-nominsl veluwes of significent
variobles. Modulation transfer functions and signal-to-nolse analysis
of the individual end combined optical, photographic, end electronic
coxoonents have been used to sssess their characteristics and effects
on the resolution capabilities of the system. Variables studied to
o tee tasis for determining their effects or limitations on &
systcm include those related to orbital parameters, the lunar swioc
being photographed, the observational gecmeiry, the environmental factors
of ionizing radiation and meteoroid flux, and the communicatlon 1linX,
Monitoring techniques for control and calibration of tkhe photegraphs ere
described. These factors have been analyzed to establish the capebility

£ the sysiem to produce photographs of the specified resolution and
gquality. It is shown that 1 meter surface rescluticn specificaticon can
be met by the high resolution camera on-exis froz the nominal eltitude ol
16 Km and & sun angle between 50° and 75°. Resolution will be degradled
+o legs than 2 meters at the field edge. The low resolution requircmen
of 8 meter surface resolution will be met under favorable conditlons.
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Prefacé

The Duncilon cf the Plcture ‘"1ta System iz to produce detalled photo-
graphs of specified arens of the lunar surface. The fidelisy of tho
photcgraphs and their suitability for e:ctracting the regquired infor-
raticn are the primery measures of the system's capabillity. Its funcdicn
roqm.res Tormetion of en image and 1ts sequential trsnslation into forms
co.noble for each step of the path externding from the lunar surfecsa o
Wiz photogiaphk being examined by an interpreter. This 1s shown

" gchemntleally in Figure 1. Each itreaslation and step imposes Mmitaiicas

cz the amount and type of information, way modify or diotort 1%, and my

introduce spur...cx..a signals eand noise,

13 document exemines the significant factors which Influence periformanco
of the pleturs deta system, and assesses their effects on systenm cepobility.
An epalysls hes been made of the cperationsl charac tcz:.st ¢s of the syst
comporents under both romirsl and off-nominal conditiczs. Thig provides
the basls for establishing the limltetions on the ca‘ac,aihtics of tho
systen to produce photographs of the specified resolution arnd qualiiy

- The Tirat two Sectlons summerize the effects of variebles; the f]::*"‘
- for nonminal conditlons and velues of the variasbies, ard the second for

tae off-nomdinal cases. The Sections wkich follcw present the detailzd
enalyses a’hiCh ere the basls for the system evaluaticn.:

The analysis included in t:is document hes been the :esnonolbi.w'; N
cf The Boeirng Compeny. Tne ccntribution of besic daota by Eastran
Kedel: and RCA on their respective subsystems "s acknowledged,

v
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Hominal Systen Eznd-to-End Anplysiso

The image of the lupar surface may be consilered as o sigpal
which is received by the camera collecting optics, imdged on
£11m and subsequently converted into forms compatidle with
transmission to and reconstruction by the ground equiyment.
Since no element or function can attain sbsolute fldelity of
output to input signal, & progressive degradatlon of the
signal occurs 5 it passes through the system. The elements
in the dato chain nay alter or distort the signal and they oay
introduce spurious values, or rpolse. o '

The relationship between the signal and nolse is of major
concern, since differentiation between the two is esserntial
to the transfer of useful information. The signal to noise
ratio, then, becomes a major criterion in defining the capa-
bilities of a system to transmit useful information. Tals
section contains an analysis of the signal and noise relation-
ships throughout the system under ncminal conditions.

Block Diagranm

Because the systewr sperations are, in general, sequentlal, the
signal changes and noise contributions usually ere additive.
Transfer functions, which are quentitative expressiocns of the
effect of a system element cn the signal, provide a means.of
exemining signal progress through the system and the individunl
end combined effects of the elements. For the purpose of
analysis, the target may be considered to consist of a serias
of vars verying sizusoidally in brigntness, with constant pecs
emplitude, but varyirg in spatizl frequency. .Ideally, the
system should respond with a signal of constant peek emplitude
over the range of frequencies presented. In proctice, however,
the signal smplitude will be modulated a5 some fuackicn of tac

i

- frequency, usually decreasing with incressing frequency. T:io

is, to simplify, the transfer function. In addition, nolse is ‘
added to the signal as it passes through the systsm.

A block diegras representing the signal and noise flow of tho
Picture Data System is shown in Figure l.l1-1. The clear blocka
represent those components or functions whose effecits con 2!
expressed as transfer functions. The hatched blocks repreceni
scurces of noise within the system. The Smear and Kell factor -
blocks do not represent physical hardware, tut are functicrs
hevipng a determinable effect on the system cepability. Thae
densitometer i3 mot a part of the Picture Handling System, btui

i3 used in the crelysis of the photographc to provide quantilative ‘

evaluation in place of subjective visuel essesizent.
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Asowmpticns

The following assumptions are made:

- Scene contrest ratio i3 3:1 This corresponds to an initlal

signal modulation of 0.5C.

- The £1ilm is exposed to en average density of 0.8 in the
vicinity of the center of the field. _ E

- Smear is negligible
Neminel System Performance

The ncminal system performence is based upon the system with
design values for those parameters that ere subject to variation.
Variations in these parameters frem nominal ere analyzed in
Gection 2.0. Data given is for the on-axis only. Off-axis
conditions ere analyzed in Section 2.1.2.

Sigral Apalysis

The signal enslysis through the system 15 presented in terms o
modulation trensfer fuactions (?TF). An MIF can be determine
Por each element of the system and for the totel systenm. A
of the meaning of the modulation transfer function is given
Section k..

o
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FPigure l.3-1 shovs the ccmbined lens-film transfer functica.
The data is from the Eastman Kodek Techrnical Proposal fov
Iunar Orbiter Project and represents laboratory measurexcnts.

Figure 1:3-2 shows the transier functions of the cortributing
parts of the scemner, l.e., S5pOv end scan lens (combined) and
video amplifier., Included in the video axplificr responsd
curve ere 12 db vre-emphasis with a first break point o
end the filter characteristics required to echieve total phots
subsystem roll-off of -25 @b at 270 keps end 0 db at 390 keze.

Pb
[P IE]
<

vy

M)
0

[ %)

Figure 1.3-3 shows the data 1link trensfer functioas

Figure 1.3-% shous the varlous components cf tho GRS tronsfer
function including the Kell facter. The Kell factor io o ‘
statistical funciion derived from scxpling thecry as sppilced

to the quentization of lnformation in %he directiommperpendicuier
to the scan lines, The MIF includes the de-emphasis network (O

# GHS - Ground Teconstructicn Systom

pgsyrisae

<l
GRE - Ground Recomstruction Zguipwezb
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1.301

1.3.2

- responses sre gilven in volts per unit transmission and have the

(Contimied)

compensate for the pre-emphasis in the spacecraft. Figure 1.3-5
shows the transfer function of the densitometer. &
.

"

In using these response functions to permit tracing the actusl -
signal through the system under nominal conditions, it is necessary
to convert into the proper terms at each state; e.g., from percent
modulation to log E; to tronsmission on the £ilm; to volts for
the scanner, data link, and CRE response; to exposure (at the
kinescope) for the GRS film; to trensmission for the densitometer;
and to volts at the densitometer output. '

Figure 1.3-6 sows the relationship for converting from illumination
(B) to transmission for the spacecraft film. Figure 1.3-7 shows the
conversion from illumination to transmission for the CRE fiim.

Table l.3-1 shows the calculated signal levels at each step 83 the
signel is traced through the system. The scanner and densitomeler

dimension of volta.

Figure 1.3-8 shows the signal levels at the photo subsystem cutpub
and at the densitqmeter output.

Yoise Analysis

The nolse analysis 1s performed on the vasis of noise density?

spectra in order to assess the effects of transfer functione of i
the portions of the data link which follow the nolse sources. f”‘
All noises are assumed to be gaussian, or "white" at thelr sourczs
as shown by their location in Figure l.1-1. The exceptlon o this
is the phosphor noise. Thls actually consists of two componen 53
bean current fluctuations aend phosphor granularity and non-uniforalityy

The division of this nolse is not known et thie time; therefore;
it is assumed to all be due to beam current fluctuations. Io oy
event, the contribution of this noise source to the RMS total iz

pegligible. '

The RMS gramularity noise of the spececraft film is calculoted
from the empirical formula: -

Oy = 07 (- 0.15)-%28

This formula applies for measurements made with a microdeszitometar
with an aperture diameter of 5 microns. Assuming the power density
spectrun of the noise is flat (Stulz and Zweig) and assunizng &2
{deal densitometer with response as shown in Figure l.3-5, the woise
density is 0.56% (1/mm) é,in terms of density.

#The noige denslty spectrs is the distridution of rcise s a funeticn
of frequency. Units are volts/(lines/mm)3/2.
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" Calculated Signal Levels

at Each 'Step inﬂ'hSystém,” 1/2 M Effective Aperture

PAYLOAD FII{ PRIMARY RECCRD
D, = 0.8 Iob = 0.75 ¥, = 0.500 PI}E:';:
0 20 60 | 80 1300 | 120 |Mreshmi
LERS - FIIM RESPCNSE 2.000 | .58 |.388 | .265 | 224 |86 [as0 |
IMAGE MODULATICN = X ;500 | .22 |.a9% | .133 | .12 |[.093 | .075
A LoGE * = 106 (1 + M) 2761 | 105 | .0TTO | .o5k2 | .OM6L |.0386 | .031h
A LOGE = = 10G (1 - ) -.3010 =~-.1379 -.0937| -.0620{ -.0516!-.0424 -.0339
rocz ¢ -286| -.358|-.385 | -.L08 | ~.h16 |-.be3 i -.k:
1003 -.763| -.600|-.556 | -.52% | -.51% |-.504 | -.kgt
p & O | W12 | .15 | o.a27 | .13 [.237 | .1k0
2 * 387 | .22 |.228 | .20k | .196 |.189 | .183
AT e ' -.058| -.05T|-.0Obk | -.032 | -.028 |-.022 | ~-.0LG i
JANK R 228 | ,103 |.069 | .ob5 | .037 |.030 | .o2h
SCANHER RESPCISE 8.929 | 8.483|7.884 | 7.233 | 6.375 {5.483 | k.&4: | voLis
/\ V- SCANNER CUTPUT -.T59 | -.8b|[-.38 | -.231 | -.219 |-.120 | -.08¢ | ver,
/\ v* SCANNER OUTPUT ‘2.040| .B7% | .54k .325 Lk 365 | .1
FILTER RESPONSE 1.000| 1.000 [1.000 | 1.000 | .94k |.707 | .056
. V- FILTER OUTPUT 4.759 -.48% | ~.348 | -.231 | ~.169 {-.C85 | -.CO0% | voLT3
Z. v FILTER OUTEUT 2.0%0| .87 |.s% | .325 | .223 |.136 | .cc3
COMINICATIONS SUBSYSTEM 1.000 1.000|1.000 | 1.000 | .94%% |.707 | .035
RESPQESE
[\ V= COMANICATIONS SUBSYSTEM| -.759 | =-.48h4 [-.348 | -.231 | -.159 |-.080] O [VOLIZ .
RESPONSE
A\ v* COUUNICATIONS SUBSYSTRM|2.040 | .87h | .54 | .325 | .210 |.083 o VoS |
RESPONSE ;
GRS RESPCESE 1.000 | 1.000 | .S41 837 LT3k 1.835 | .573
/_ 7" GRS mTUT =759 | -8k |+.308 | -39k | -.11k [-.038 | o |vonts
A v eRs =TER 2.050| .87% |.511 | .273 | .150 |.053 o LTS
A\ Bt ews mEoe 450 | .193 | .113 | .060 | .033 |.011 o =3
£ = GRs OTOT -.168| -.107] -.ot2| -.0b3| -.ces| -.ocf o [iza
| Coos 1Y 1H3s 100033
| TABLE 1.3-1 - ——



L

o

v |
o 20 ko 8o 100 120 |liseghn
rt s EGR <157 .500 |.k20 367 | .30 |.318 |.307 ¥CS
" GRS INEGT 139 200 |.235 264 282 |.299 |.307T | S
'r‘-" GRS OUTEUT .056 097 |-123 .148 JA61 |.7h .82
T GRS CUTZT 385 | .283 |.zho | .22k | .199 |.186 .18
/A T GRS OUTPUT .329 | .8 |.aa7 | .066 | .03 [.02 |.000
DERSITCMETER RESPCHSE 1.000 | .97 |.s13 | .818 | .690 |.55% |.ko2 | WoLZS
/\ V DENSITCMETER OUTPUT _ 329 a8 |07 | .osh | .26 |.007 o' VOLTS
£
TABLE 1-3-1 (c;;zf;ﬁm 1 VoL | SO D2-100207
‘ | ls:c i oasc 2% .




D | - O
1.3.2 (Continued) .. .
- D = log 1
hea

d 7 o - 2.3026 N
$5 = 2-306T IB%TD = .3649

and the noise density in terms of transmission 15 204 ‘;é/(l/m):”é'

The granularity nolse density of the GRS film is celculated in

2 similar manner. Table 1.3-2 shows the calculated noise density
at each step and the RMS velue of the noise. For the purposa

of calculations, the pre-emphasis end de-emphasis are essumed to
to result only in a reducticn of the commmicaticns subsysien
.nolse.
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RECCRD

PAYLCAD FIIY PRIVARY
= 0.8 D 75
DO .~ 0.75 NI
] 20 ko €0 80 160 | 120 (lnesfn
SCAWIER RESFONSD 18-929 8.483 | 7.884 | 7.233| 6.375 |5.483 |8.643 | v
FIIM FOISE AT SCANNER OUTPUT |[38.3 | 17.3 |16.1 | 1%.8 | 13.0 11.2 9.5 (Tm}”}
PHOSPHOR EOISE 1.4 1.3 | 1.2 1.1 1.0 .9 .7
SEOT KOISE 0.8
AMPLIFIFR LOZSE _ 0.7 |
GTAL NOTSE AT SCANWER CUTFUT |18.3 | 17.3 [16.1 | 1b.9 | 13.2 |11.3 (9.6
FILIER RESPONSE 1.00 1.00 ! 1.00 1.00 Qi | 707 | .05¢
TOTAL WOISE AT FILTER OUTPUT |18.3 | 17.3 [16.1 | 149 | 2.4 | 8.0 0.5 (ﬁi ¥
. : i : fraed) 128
T
CCOMUNTICATIONS SUBSYSTEM 1.00 | '1.00! 1.00: 1.00 Ol | 707 1 03¢
RESPONSE : l
- —- :
PHOTO SUBSYSTEM FOISE AT 18.3 | 17.3 [16.1 ; 149 | 1.6 ! 5.6 | 0.0 | wy/ ;
CO/MUNICATIONS CUTFUT ‘ (3/ze
— —— = e — e i“‘\'
CQMMUNICATIONS SUBSYSTEM NOISE |1k.9 | 6.9 rs.h . 3.0 2.9 (2.8 |0 W
TOTAL NOISE AT CGMMUNICATIONS |23.5 | 18.5 !16.5 . 15.1 | 12.0 | 6.3 10
GRS RESPCISE 1.000 | 1.000 i 9H1 .837 .TI% 1.635 | .5T3 (
NON GRS NOISE AT GRS OUTFUT  |23.5 | 18.5 '§15. 12.6 | 8.6 | k.0 lo rf«;’ .
] : : i RS TR by
NOF CRS HOISE ON PRDMARY RECORD| .0081k| .006ML .00537 .00437 | .00299: -001391 0 i R
(DENSITY) | - N | g eV
PROMIRY RECORD NOIZE (DENSITY) 00230 | I
T . :
TOTAL HOISE OH PRIMARY .co8k6| . 1 .00535 .004Gh .0037"5 .00268: .0C20|
RECORD (DENSITY) * ;
TRANISMTSSION NOISE DEASITY .003k6| .00RTI. ooeho .00202 | .CO15k; .00110 .OCTul |
FPRIMARY RECORD | . .
DENSITOMETER RESPOTSE 1.000 | .GT i .913% .818 .690 | .554% | LI | YOLE3
' T ; —
TOTSE DENSITY DENSITMMETER .003k&] 00272 .00215 .C01E5 .00106; -COCE1] LOCCR2| V) .
CUTEUT | | x 1 [ (3fmm)s
F3S WOISE - DENSITCMETER .C211 VOLZ3 Py
OUTEUT e
CALCUIATED NOISE. LEVELS AT EACE STEP IH ~ :
SYSTEM, 1/2 M. APERTURE | AELE 1.3-Zomoains | VO | eore-100203
| ooz 28

sec
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Signal to Nolse Ratio

From the data in Tables l.3-1 and 1l.3-2, the pesk-to-peck pignal
%o RMS noise ratio at the densitometer output may be calculsted.
This function is plotted in Figure 1.3-9 and applies to the case |
of test bars baving a sinusoldal brightness distribution (sine
wave bars) end a densitometer with an aperture diameter equivalent
to 0.5 meter at the lunar surface. :

When using & test target consisting of conventional bers (square |
vave bars), i.e., sharply defined bars on & contrasiing dackground,
the resulting peak-to-peak signadl mst be calculated by Fourdier
analysis. It can be shown that:™ ] :

‘ : b nwrx

t + % T (noniE

.n-l-s,s.'o e ’
where bn - ﬂn-)- - »

end f(n is the system output et the nth barmonic frequency from
., Figure e3=9.

o : 1
The values. of bp and f(x) ere tabulated for varicus spatial fre-

- quencies of the test bars in table 1.3-3, vhere:

h.
fa)".* 7 X Pasin =
ngl,s,SO o

represents the peak-to-peak value of the resulting ocutput. This
function is plotted in figure 1.3-10 and represents the outpuy of

the system for square wvave bars when scanned with e demsitcmeter

baving an asperture dismeter equivalent to 0.5 meter at the lonor
mfavceo =

A further requirement of the statement of work is that 1 meter bars
(38 1/mm) yleld 6:1 signal to poise vhen scanned with o 1 meter
equivalent sperture. Table 1l.3-4 shows the AT at the GRS outpud
(from Table 1.3-1), the response of & densitometer with an sperture
diameter equivalent to 1 meter, and the resultdng signal cutpubs.
‘Pable l.3-5 similarly shows the noise at the densitometer output.

Figures l.3-11 and 1.3-12 shov the signal-to-noise ratio vs. spotial
frequency for a one meter scanning eperture for sine wvave and square

vave bars respectively. The data for figure l.3-12 1s tcbulated ir
Table l.3-6. . ’

1 Bardbock of lothematical lzoles, Chemical Rubper Publiisning €o.,
First Baition, 1962 pp 4O3-400
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R ,' YY) . ,-. pe e g ] Yy T e v e i ik e
: ) : [ A titid SRR L, AR e et

-

X

O
ey by b3 b5 by by P g b1 Hx)
2 W] 5.3 2.3 15 1.0 0T 05 Ob 147
-3 13.9 3.6° 1.8 1.0 0.6 0.4 0.3 0.2 .5
6 113.0 3.0 1.3 0.6 0.3 0.2 0.1 13.8
8 12.3 2.5 0.9 0k 0.2 0.1 ©13.5
10 11.6 2.1 0.7 0.3 0.1 ' 2.7
12 1.0 1.7 0.5 0.l 12.3
Ak 10.2 15 0 0.1 b W
~16 9.7 1l.2 0.2 11,0
18 9.2 1l.0 0.1 10.3
20 8.5 0,9 0.1 9.8
*2 8.0 0.7 9.3
2k 7.6 0.6 8.9 O
25 7.1 O.kb 8.5
28 6.7 0.3 8.1
3 6.3 02 7.8
32 5.9 2 7.2
3 5.6 .1 7.0
TABIR 1.3-3 - -
FOURTER COMPO/ZNTS OF SQUARE WAVE TEST BARS, 1/2 m. AFIRTUG i
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o« 2

Iinea per ma o 20 L 6 8 10 120

AT GRS Cutpu 329 186 .17 066 .038 012 O

Densitometer Respomse 1.000 913 .690 k02 .132 -.056 =-.131 volis

AV Densitometer Qute _'
2ut 0329 0170 o(ﬁl 0@7 .Oqs -.001 G volio

. TABIZ l.3-% : '
SYSTEM SIGNAL IEVEL FOR SINE WAVE BARS, 1 m. APERTURB

REV SYM

L CorrZe |9 D2-100293 -1
,s:-:CT. ) iPAGI-: 3s

S~
Trensmissica FRolse ot
. Density Primary
Record ‘ .0036 ,00279 00240 .002¢2 .00154% .COL1D .COSh
Densitometer _ ' '
Response 1.6C0  .913 L6900 L2 132 -.056 -.13% veltn
Roisz Dansity |
-Densitometer v _
Output 00346 00255 00166 .0COBL 00020 ~.000086 -.CColR ;
/{1 /om)4
RMS Noise Densitometer Output 17.7 Mliivolts
TASIE 1.3-5
BYSTEM FOISE IEVEL, 1 m. APERTURD
‘US 4283 3000 RV, 8/63 2-3353+-2



/

o
gﬁ::eiiiy b1 \ ®3 5 BT by, du B3 b5 () f
2 17.2 5.1 2.7 1.7 1.1 0.8 0.6 0.4 1T.3
L 6.1 k1 1._9‘ 1.0 0.6 0.3 0.2 ’0;1. 15.9 “
6 15.2 3.4 1.3 0.6 0.3 0. 15.1
8 W2 2.7 0.9 0.3 0.1 ' 15.5
10 13.3 2.2 0.6 0.1 W7 4.7
12 124 L7 0.3 : LY
' 1k T 115 lb 04 13.0 \\\
16 0.8 1.0 0. 12.6 5

18 0.0 0.7 11.8

20 9.6 0.5 6 O

22 - 8.8 0.3 ' 10.8

Fah 8.1 0.2 10.9
25 75 0 | | 94 H
28 : 7.0 0.1 8.8
I 6.5 | 3.3
TABIE 1.3-6
FOURTER COMPONEKTS OF SQUARE WAVE TEST BARS, 1 m. APERFUAS 1
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. Since -the lens-film transfer function is only one of many contribu-

_ probably be less difference in performence at 38 lines per milli-

From figures 1.3-10 and 1.3-12 it can be seen that the Statement ol

Work requirements can be met on axis with the 24" lcns for the
nominal ¢asde

A detalled analylis has not been xp\e\rformed for the 3" leuns syuwtea
since adequate modulation transfer function data for the lens-filn
combination 1s not available. The only difference between the 24"
and 3" lens systems 1s this transfer function. Data is availabls
which indicates that the limiting lens-film resolution of the 3"
lens 1s ebout 13% lower than the 24" lens (in lines per millimeter).

tors, it is estimated that the net change in system resclution will
te a loss of about 5%, giving a signal to noise ratio rargin of
about 3 db at 8 meters resolution. For the case of the 8 meter tars
scanned with an aperture of 8 meters, no such extrapolation can be
made since there iz "no" data avaeilsble in the region of 38 lines
per millimeter. In general, all that can be sald is that there will

meter than at 76 lines per millimeter, with the possibility that
the 3 inch lens may even be better than the 24 inck lens, '

REV SYM

U3 4280 2000 REZV. 3/62

2-318372

s | N0 TR-100253 1
| secr. _ | Pace 37

O

O

O



2.0

2.1

2.1.1

201.1.1

Off Nominal System Performance
Effects of Off Nominal Values of Variables

This section presents data to permit analysis of the effects on
system performance of the parameters under various off-nominal.
conditions that might be encountered.

Variations in Exposure

Off nomipal f£ilm exposure will occur which is caused by terget
characteristics, the space environment, and errors originating

in the photographic system. The amount of variation, 1its
occurrence, and its effect upon the photographic capabllities wviih
respect to resolution and picture quality will be characterized
by the scurce of the variation. Each of the causes mentlioned will
produce & change in picture quality or exposure vnich will ordin-
erily be characteristic of the general type mentioned. Each of
these is discussed in turn. L

Variation Due to Target Characteristics —

0f concern here are the brightness differences of the gross iﬁh&:
features or larger areas which affect the overall field of wvisw
or a significant portion of it. The epparent brightness of the
luner surface, which determines the exposure requirements is de-
pendent upon the surface albedo and the pnotometric funciicn. Thae
first 16 a characteristic of the surface materlal, its struciure,
or & ccmbination of both. The photometric fumction is an exproonlicn
defining the modification of reflectance by the variable geomcily

of the surface, the illumination, and the line of sight. Thes=
factors are discussed in detail in Section 3.0.

Two broad types of lunar surface are recognlzed which kEaove
appreciably different albedos. The upland areas ere genernlly
lighter, with an albedo ranging between sbout 0.10 and 0.15., Tacz
dexker maris, on the other hend, heve albedcs renging between Q.C3
end 0.08. Albedos of individual features or small arces &iy excecd
these limits. The average albedo of the moon is about C.07.

Because +the Iuner Orbiter will pass over both uplend and mare azess,
exposure must ve based upon the area type tc be photographed, since
the brightness may differ by a factor of 3.

Unless la photograph 1s intended to record detall of some &t
area, exposure must be based upon the scene luminance Int

over the field of view or over that pert of the field having g
est significance. Since the photographic system is designed
optimum performence on-exis, the central eres of the field ol viev
vill be most significant and exposure should de based cn ito Junl-
pance. Tt is shown in Section 3 that, because of the protemeird
characteristic of the surface, the off-axis lime of signt dedizing
the field of view will produce an epperent cross-Iresme luminsuaso

difference. Or a level surfece of uniform properties, &n ofT-oudls
argle of 10°, ¢ proximeting the format edge of the higk resclubica

cemers, may ext.ibit a cross-frame brightness ratio of betwetn 1.3
and 1.4 in the (lluminsticon plone, depending upon tae s5un 4rgie,
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2‘1'1.2

2.1.1.3

Referenced to the nadir brightness, this amount to + 0.2 to + 0.25
f. stops. If the exposure is correct at the nadir point, in tke
area of maxirum resolution, the film will be slightly overexposed

in the direction awany from the sun and underexposed on thesside
toward the sun.

Variations due to the Space Environment

The photographic £ilm will be subject to high energy ionizing
radiation during the mission. Prior to processing, this racistion
will affect the emulsion in much the same way &s exposure to
visible light, producing a general fogglng effect. This effect
and 1ts occurrence is discussed in detail in Section 6.1. Fegging
of the film will increase imege density and will reduce ccntrnst
or gamma, which degrades resolution and picture quality.

A radiation dose will be received during passage of the vehicl:
through the Van Allen belts which may be significant with resveoct
to film damage. As shown in Teble 6.1-8 and Figure 6.1-%, a fog
density of 0.3 or more may be produced.

Solar particle events, usually associated with soler flare activity,
can be a source of radiation damage to the film. Flaxe activity
which can affect the mission 1s intermittent and of varicble '
intensity, It has been estimated that total mission feilure due to
radiatiom effects from solar particle events has a probebility of
10% or less. ,

There hag been some concern that impacts of meteoric partiecles
and secondary ejecta from the lunar surface may demrge the long,
This is discussed in detail in Section 6.2. Iack of dazta prevents
reasonably quantitative assessment of this hazard and its eficcts
on the lens, There appears to be no analytical or empirical daiz
on the degradation of optical characteristics of a lens which has
been pitted. It would seem, intultively, that pits on the lcns
surface would czuse scettering of light and consequent lowering

of resolution by a fogging type effect as well es possible image
distortion. A decresse in effective sperture may also occur,

Variations Due to System Bxxrore . i

Exposure variation may also originete within the photcgraphle
system due to opticeal effects ard operationsl errons. Transmission’
characteristics of the camera lens will produce an exposuxre
variation within the frame. Transmissien decrsemses asg cff-axig
angle 1s Incressed to the limiting field angle. This vigneiticg
results in underexposure towerd the edges of the plcture esrca,
This effect will, to saxe extent, resemble the off-ziisg 2ffect oF
the photometric function, but without the orientetlion Lo ike ninns
of illunination. Trensmissicn variation will produce an exproure
difference beween the center and the edgze egquivalent 4o abcul 0.5
£, stop in the 24 inch lens and about 1.0 f. stop in the 3 inch
lens.
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2.1.1.h

“has been assumed.

Additional error in exposure will be associated with the operatién&l £

accuracy of the shutter mechanism; &and in the sccuracy of shuiter g

setting. These errors would be the same for either camera axrd ia
estimated to be equivalent to about 1 f. stop. An error must be
assigned to prediction of nominal camera seitings because of inw
adequate data for the prediction basis. A nozinal errcr of 0.5 stop

The nominal exposure errors are summarized belows

24" lens 3" lens
Thotometric function uncertainties 0.5 stop 3.5 stop
Albedo, slopes, ete. 1.0 stop 1.0 top
lens transmission 0.5 -stop 1.0 stop
Smtter setting & operating accuracy 1.0 stop 1.0 stop
Prediction of setting 0.5 stop 0.5 stop
RSS Brror = 1.5 stop 2.25 stcp

Effects of Exposure Variation on System Performance

The primary criterion of system performence is image resolutlign,
which 18 closely related to film exposure. By making some asopid ong
the relationships of exposure, film gemma, granulerity and signal-to~-
noise to resolution, an approximate correlation in terms of ldnes per
millimeter may be drawvn. This is shown in Figure 2.1.1-1. {)
Curve A represents a portiom of the familiar H and D plot for Sf}:‘«_dﬁ
relating image dersity to log exposure. Curve B is a postulated’
relation between signal-to-noise, as affected by density end grooue
larity end resolution. The resolution scele is an epproximation +e
provide an indication of estimated effect and should not be token

as absolute values. Approximate film resolution is indicated by the
intersection of an exposure value with curve B. As shown, the
pominal exposure vwill provide a resolution of about 80 lines per mo.
As exposure is decreased from the nominal, the change in £ilm gommn
results in a decrease in resclution. With increase in exposure,
gramularity increases which degrades resolution. A variation in
exposure amounting to 0.5 stop will lower resolution to near T0
Jines per mm. .
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2.1.2

off-Nominal Variations in Transfer Functlions

The basic analysis in Section 1 of S/F or perfermance of the
10S system is based upon the nominal conditions wnich include
on-axis imngery for the lens, correct focus for the leno,
optimum exposure setting, and the holding of cmear budget
tolersnces. Some of the conditions which give off-nominal

performance are discussed here from the standpoint of degrading

the signal. Exposure variations and off-nominal smear contxl-~
tutions are discussed in Sections 2.1.1 and 2.1.5 respectively.

The first factor to be considered is the performance of the lens
in terms of image quality at points in the field of wview othex
than the on-axis point. Measured data for off-axis resalution of
the 24 inch and 3 inch lenses as supplied by Eastman Kodak 1
shown in Figures 2.1.2-1 and 2.1.2-2 respectively. The dota is

-for 2/1 target contrast on S.0. 243 film with D-19 processing.

The dashed line for the 24 inch lens represents the measured off-
axis performence of the origiral 2k inch, £/5.6 Pacific Optical
Paxoramic Delta lens. The solid line represents the Eastman
specification for this lens after vignetticg and otherwise modd-
fying for decreasing the weight.

The dashed line on the 80 mm lens represents measured off-axds
resolution with a 2/1 target contrmst and §.0. 243 f£ilm with D-13
processing. The solid lire represents the Ezstman Kodsk specifii-
cation on this lena,

The 24 inch lens will be considered in more detail. ©DTata is oot
gvailable (ray trace spot diagrams, etc.) to permit sccuratc
derivation of modulatlion trensfer functicns¥ for the lens off-axig,
However, for the purpose of working in quentitative terms, cil-
axis MIF's have been postulated for this lens and are plotied in
Figure 2.1.2-3. COne point on each of these curves ig availabiz
from the data of Figure 2.1.2-1. The postulsted curve shapc 10
considered valid based on dsta {rom o?ber nigh aculty reifre
lenses with good color corrections (1 Dota measured by Eastzna
on the original lens with and without filters gives Justificotion
for pot considering wavelength as a major perameter, Eestman
{ndicated less than a 4% difference in perforzance in white 31Zgn%
vs. spectral bands. It should again be emphasized that only th2
off-axis MIF curves in Figure 2.1.2-3 are postulated end not taged
on actual data for this lens. .

Some additional preliminary data on this subject was received {rou
Eastrwan Kodnk in October, 1964, vhich 15 inserted here. Cozjuucr
ray trace duta for the lens formula wus utilized to generata MIT's

for T° end .0.5° off-sxis. The limiting condlilon was for tangende
T 3

ial resolutlom in each case and these resultant MIF's &«
Figure 2.1.2'-32. These curves will be degraded by scme -
terms of the cepability to fabricate the actuzl lens pexr the
formila. Th: dashed lines represent a typical 30% degradeticn w0
to fabricetiin. Actual perfcrmance data for off-axis, however;

will have <G awalt measurements on e fabricated lens.

O

REVLTR

U3 a2q0-2000 REV. 4/68

R ot Y e G B i d
PARPYE g A 5 2%

| o D2-100293-1
| SH. ' L2

T Ry




2.1.2

e e e - e e ke eme g g T 4 e e g ,;9,- .TTEAW‘ 'Ir! _’:"._o-,., T g ey e
5 B k¥ & 8N :

0

e #*The reader who desires to review the basis for the use of
' trensfer functions for signal analysis. 18 referred to

Section 4.1,

(1) See, for instance: “"A Research Study on Diffraction
Iimited Optics , Perkin‘glmer Cor?.,
Report No. 5564, 1960
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““fhe second potential off-nominsl condliion 'to'consider ia that

of performance of the lens when out of focus, The focus tolera.nce‘
for each of the lenses 18 + 0.001 inches. Again, the 24 inch lens
1s discussed in some detail. KodaX hes provided measured dat: on
the original 2k inch lens performance whem it is 0.002 inches cutb. .
of best focus position. This data is plotted in Figure 2.%.,2-%, -
The capaoility to hold focus tolerance 18, of course, tled very
closely to the thermal model and the ability to control the lins ;
temperature envircnment:to within the 70 + 5° F specified. No
provision 1s made for focus adjustment in flight for this systiem.

To permit qua.ntitative signa.l a.nalysis for thls off-nomlnsl
condition, & transfer function is postulated for the 24 inch icns
at & focus position 0,002 inches off optirmum. This function i
plotted in Figure 2.1.2-5. This plot is for the on-axis conditi

A single polnt of the cixrve is availoble from the data of Figure
2.1.2-4, The shape of the curve is considered valid i‘rox? cther
enalysis of MIF degradation as a function of focus shift{@l Azain
it should be pointed ocut that the lens is considered to be color
corrected to & degrece where thisg curve is considered adeqm e for
the total white light band. s :

’ In tems of the transf‘er ﬁmctions u°ed for the nomina.:. E

celeulation of Section 1, the majority of functions used ere

considered to be fairly firm because they represent measured data,: f-}

i
S

The lens data, as expleined earlier, represents measurements on

the original lens design. This is the optimum lens for this oo stem,
Other lenses which would more closely approsch the diffraction 1imit
and provide the field engle and colsr correcticn of this one would
add a considerable welght penalty. The fil:x/p*'ocess 1P also
represents measured deta. The scenner unit MIF is primarily o
product of the functions for the sccn lens and the tube. The scaa
leus represents measured dsta. However, the PM tube functiom 13
calculated from the spot slze fmage spread data. The eccuracy

cf this calculnted function must awzit acturl measurement date
vwhen the tube becomes avoiladble., The comrunications system
enmalysis, Bection 4,4, includes the error tclersnceg asagumed
reelistic for that system. The transfer function for 4the ground |

- reconstruction electronics and 35 m recording camera 13 not
expected to devicte from the nominmal curves used. 8Since the systen -

is being utilized at epproximately.13 lines/rm, off-axis efiects -,
should be minimal. An additionzl tronsfer function for the lens-’
film combination in the reessembly.wmricter has rct teen Inclnded,

The response gt the frequency utilized should be neor 95% 50 this

omission is considered valid, Actual deta on this unit 45 not

_avallable at this time,

(2) See, for instance: R. E. Hophins, 'Pracoicel Corzoats oo

Frequency Response Calculetions”, I:\:L?
Univers{ty of Fochester, 1053
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2.1.3

. of terrain features, and as resolution is Increased, torographl c.

- in reflectance due, presumably, to differences in suricce cca-

'Albedo variaticns can Mcrease 4he contrasts given in Tebls 2.-.~1;

Varisticns in Contrast Ratio

The system analycis given in Secticn 1.0 was .'l:!mited to on=axis
line of sight and o correct exposure for the ccntral arcas of the
field of view. Apparent brightness of the surface of thie msca
wvill vary within the field of* view as a result of the voriable
gecmetry of line of sight, illumination, and surface a.lbedo 3
discussed in deta.il in Section 3.0.

Ifa level surface of uniform albedo is assumed, the cross fre.ra
exposure will very as a result of off-axis line of sight cnd o
effect of the photometric function, and may be expressed as o
‘brightness ratio. Furthermore, this ratio will also bo & fuszeiienm .
of the solar phase angle, referenced to the nadir line. A floi,
jevel surface cannot be assumed. Few lunar areas, even a% the

resolution limits of Earth-based observation, are campletcly &: vold

irregularities must become more common. Such 1rregule.ritieo, taving
slopes, will introduce additional varistions in apparent brighiacss
and consequent scene contrasts as a result of the photoznetric
function, even where herd shadows do no occur, The contrasts
arising from surface slopes, off-axis line of sight, and the lymiting
sun angles of 50° and 75° are given in Table 3.3-1.

In the sbove tsbulation, a uniform elbedo is adsumed; Verinticans

position or structure occur on the surface. Some typical valure
of albedo reported in the literature are listed in Tebls 3.1-1.
Upland areas have an albedo generally ebout «10 to .12 vkile T o
raria range between .05 to .08. Eright ray structures, asscccinteld
with primary impact craters, occur on both moria and uplonds, ‘;ru-e;,
because of their high albedo of .12 ar higher, are more promivazd
on the maria becsuse of the ccnirast. ;

gince reflectance 48 the product of albedo and the value of %h:
photometric function as listed. Thus, these conirasts coa bn Foater
by a factor of two or more. ‘

Cont*ast va.ria. ion will occur e3 a result of the comblz:s.;*m o' a
number of inter-related factors, some of which occur wiith randi:
frequency and magnitude. An epproximation of %these vn.r"...tim a3,
they may occur during on orbital pass of the photograghic missica
15 discussed in Section 3.3.2. The mean ccatrast raflec betvein’
pdjacent areas of differing brightmess, within the micalca
{1lumination limita, as determined from tha A.C.I.C. Choxis, wno
about 1.24, witk 6% exceeding a ratic of 2:1. These ccatrasis wIs
computed fo:r on-uxia line of sight only. e -
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The conirasts derived from the above profile are approximsiions
based upon gross topograpny a8 portrayed on the Iunar Atlns Chexts,
Reference to Figure 3.3-9 shows that the mean distance over which
brightness was assumed constant was about 2 kilcmetera, .

Since brightness is a function of slopes, snd, as the indicoted
slope decreases a3 the integrated interval is increased, highe:
slopes and greater contrasts will occur scross small terrain

. features. A cone model has been specified for representation of

the small features to be resolved. This 1s shown in Figure 3.3-2.

Maxirum-minimum contrasts across the cone model vary with the
{1lumination angls , ranging from zero with the sun angle ddrecily:
along the line of sight at nadir, to infinite when hard ckadows
occur &3 the illumination and slope angles -coincide, This i
cshovn in Figure 3.3-4. It is further seen that at the minimm
specified sun angle of 50°, the on-axis contrast acyoas the conue
is 3:1. - : .

Contrast across the cone model is modified by changing tha line
of sight as shown in Figure 3.3-5. Variation both above and below
contrast at nadir occurs. A maximum of about 4:1 1s recched wiih

line of sight 20° off exis directed away from the sun and a minimm
of 2.3:1 at 20° off axis toward the sun. This difference in contrast

ratio vill affect resolution by about 7 lines per mm., The highes .
contrasts increesing the nominal resolution of 76 lines per ma to
about 83 while the lower contrast reduces it to about €9.

Variations in Filter Characte'r:.aticn
Veriations in the filter charecteristics take two genersl forms:

. Variatiors in frequency responsc
. Variations in Phase with frequency

Tha f£ilter cheracteristics defined inm IR2-100112 havs beea chose
such that the effect of the filter is negligibla. e

In general, variations in frequency responsc cuiside thoe tolexunes
specified in D2-1C0112 will cause slight losses or goinag i
resolution. For variations of 1 db or less, the chexga in
resolution should not be noticeabla. :

Variations in phase, i.e, group delay, with frequency cf ©p ¢

4 1.0 microsecond cause only slight distortiocn of edges in L&
irage. These distortions are not of & type that gould roduco Tha
detectabllity of the edge, however. Excessive group delay voold
wvegult 4n reduciion of the slope of the edge aleng with seeondnzy
edges, resulting in an uncertainty 12 the location of tho cfzn.
Tnig would not irpair the systems sbility to detect cblecis witd
sizesd oz the ordaer of the limiting resolution. Ia photegruphic
terzs, the system would guffer o loss cf aculityses.
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Figures 2.1.4-1 and 2,1.4-2 show several hypothetical phese
characteristics and thelr respective edge responsea. Thege
are extreme cases with values of gl? vhich are unlikely to occur

'in a practical system. The three cases were arbitrarily chosen .

for the investigation of worse cases more severe than expected, .
Other ceses with equally large phase shifts, but lower volues of

Z‘F would not exhibit such severe overshoot.

' The curve labeled "D" is the most severe of many cases run vith

differential group delays up to + 3.0 microseconds. Weighing

the results of this filter effects study, it has been concluded
that for expected values of -‘-12, the group delays of up to 3 micro-
geconds will not seriously degrade system perfqrmance, and valucs

of 1 microsecond will have a negligible effect.
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2.1.5

0ff-Nominal Smear Conditions

The contributions to the smear budget assumed for the nominal -
cage due to V/H, INC, attitude control errors, etc., i3 dic-
cusged in Section 5.0. It is concluded that the expected smear
is insignificant in terms of the overall system performance.
Specifically, the modulation response at 76 1/mm is calculated
to be 0.9%5. : : ) S
Three curves are presented in figure 2.1.5-1 for analysis c¢f
off-nominal smear conditions. These include one with 2 nomiral
10 smear error but the maximm exposure of 1/25 secend; o

curve which represents the 2 0” error, 1/25 second exposure of

vhich 9% of the photos should be superior to; and a worst casz

condition with 30 errors and the 1/25 second exposure, -
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3.0

3.1
3.1.1

Contrast Ratio and BExposure

The detectison of a 'surface feanture by photographic methods
requires, implicitly, the existence of a contrasi betwecn thnt
feature and its surrounding. Those factors which control or
determine brightness, and brighiness differences or contrasts

are of tajor concern to photogrephy of the lunar surface. The
brightness of the lunar surface varies as a result of chenging
geometrical relationships between the angle of 11Jumination,

lines of sight, and slope of the surface according to unigue
reflection characteristics, due:to its pbysical structure or
texture, and to variations in albedo or brighitness due to cemposit-
ion or & combination of composition and physical characteristic

of the materisl.’

Factors Affecting Surface ‘Brightma’s
Geametrical Effects } .

The photometric function derived by Fedorets (Reference &),
reproduced as Figure 3.1-1, has been used to determine relative
surface vrightness variation due to chenging the geometry of
sun angle, viewing angle, snd surface slope. In orcer to
exarine the effects of these factors, some assumptions have
been rede to simplify derivetion of near-limiting cases. The
assurptions and conditions used are as follous:

. The velues of reflectivity are determined
_in the plane of illumination.

- The camers axis is tgward the nadir.

- The sun engle is at 50° end 75° from vertlcal
. (40* and 15° soler elevation at the rpadir
points).

. Surface slopes 0°, 5%, 10°, 15® and 30°
from horizontal falling both toward and
eway from the sun and the 2 m. by 0.5 m cons
are considered.

. The photometric function given by Fedorets will
be essumed for all surfacea.

By restricting consideration to the plzne of illumination,
mexirum and minimum velues will be obtained. The angles of

viev for the cameras are 21° (10.5° h2l? angle across the

long exis of the high resolution camera, and 57.5° (28.75°

nalf enzle) for the lov resolution camera. The maximum slope
angle considered (30°) is tsken &8 representing crater walls,
although higher slope: may be encountered in some craters and
_on ejecta blocks. The standard 2 meter cone has a slope of 26°%,
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3.1.2

The photometric function derived by Fedorets is an averaga.

The character of the lunar surface is not uniform and the
photometric function varies somewhat. This has been shovn

by Sytinskeya and Scharonov in their plots of the variatica

in brightness of particular locatlons as a function of phase
angle. These plots are similar to Fedorets photometric functlon,
with the angle of reflection (A ) held constant by the location
of the area on the moon. To illustrate the variatinps which

have been observed for different areas, six cof their plots

have been re-drawn and are presented in Figure 3.1-2,

Two sun angles, lines of sight both on camera axis and off
axis, and surface slopes have been used in verious combirnations
to investigate the effects on observed surface reflectivity.
The geometrical relationships for this study are illustirated
in Fig\l‘re 301"3.

Albedo

The photometric propertles of tbe moon have been studied

" extensively (Reference 1)* and the brightrness of lunar fcatures

has been measured (References 2 and 3*%). The albedos reported

for some representative areas are listed in Table 3.1l-1.

These values are averaged over areas which are at least comparable
with the field cf view of the high resolution camera. It should
be expected that variations at least as greet and quite possibly
greater than those reported for different aress may occur in soie
locations within the camera field of view dus to terrain featurcs
not presently resolvable. On the basis of the brightness messure-
ments, the maximum range of brightness due to albedo differences
15 about 3 (0.05 to 0.18) or about 1.5 photographic £. stops.

The photometric function, §, is a factor by which the normal albadls

- 1g decreased by deviation of line of sight, phase angle, or both

from normal.

. Albedo values which have been reported in the literature musi

be considered only as good approximations beczuse of the limi-
tations imposed by Earth-tased coservetion. While brighiness
measurements under differing angzles of i1llumination are readily
obtained, depending upon the lunar phase, veriations in the angzle &
are limited by the luner lidration. The brightness of features
ewvay from the central portion of the visible disk, when observed
from directly above, as from an orbiting vebicle, mist be corpubed
on the basis that the photometric function is valid, Assumptlon
that the albedo under vertical line of sight will closely follow
that observed from Earth is probably reascncble. Under full mood
lighting, virtuclly no limb darkening is observed, indicating thai
when & and g are both equal to O, maximm brightness 1s achieved.

¥References listed on Page E8.
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Albedoes of Iunar Aress:
Maria
' Trenquillitatis

Serenitatis
Rectaris
| J

" Vapoxrum :

Stims Medil

Simus Medii

Tumbrium
] N

Oceanmus Procellarun
 J . . -

. » .

Upland Aress

Appenine Mts.

-, Individual Features

. location
9°N 29°E
26°N 28°B
15°s  33°B .
"~ 7°8 262
10°8 8°B
-T°R . 8w
1°N 2%
26°N 0°®
31°N  17°W
6°N  16°W
9% 2L°w
15°N LW
Les shew
Les 352
3°S 22°F
9°N 13°B
2°5 12°E
11°s  12°§ °
7°8 2°E
5°8 0°
17T 2%
3°s 8w

Albedo .

0.066
«OTO
080
<089
062
.65k
076
LOTh
.C64

070 .

-071
.056

L1138
2,080,
T W123
+125
: -‘.101“
«
.082

~ o

Floor of Julius Caesar
Fldor of Flamsteed and Theophilus <083
e Floor of Piolemzeus 2162
: Floor of Copermicus: 23120
Walls of Copernicus +156
- . Rays from Copernicus 2122
e ey Reglon near XKeplexr 115
Central Mountain of Aristarchus 183
TABIE 3.1-1
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3.2

Albedo values ore givea for visible light. While there are
no prominent colcrs apparent on the moon's surface, photo-
metric measurements through filters of narrow spectral trans-
mission have shown small differences in color indices. Taus,
come small variation will occur if measurements are made by |\
limited wvevelengths or in the I.R. or U.V. Just as greater
differences may be expected in albedo &s resolutian is increasad,
it is possible that more prominent color differences may occur
between small feature detail, particularly in reglons where
exposed rock occurs. It is unlikely, however, that such
differences wlll be of particular significance to photograph
requirements of the IO system.

Determination of Contrast Ratios

Brightness differences, whether occurring between adjecent
preas or between more widely separated positions may te ex-
pressed os contrast ratios which readily oy be related to
the capabilities or requirements of a photcgraphic systenm.

. Where a uniform albedo of the surface within the orea belng

considered may be assumed, contrast ratics ceonveriently may

be deterrined on the basis of relative brightness or reflectance
as computed from the photometric function. Where albedo
variation mst be taken into nccount, reflectaonce values
obtained as e product of the albedo, o, acd the velue of the
photometric function, @.

The contrast ratlio also may be expressed In terms of the
equivalent difference of photographic f. stop,Af. Contrast
ratio is related toAf. by the equation,

B,
log 'ﬁg
L, s _ S
log 2
where %) is the ratio of brightness values end is greater iamm 1.
As shnown in Section 3.1, contrasis may be due to geomeiricel
relationships between surface configuratior, and the enzles of
&+

illumination and of line of sight, to albede differences, or
combinations of both. On a single photozreph, the causc of =

. contrast cannot be definltely established unless there i3

sufficient additional information to permit recogalilcn of e
feature. Recognition and identification of e feature is largely
dependent upon the relation tetween the size of the feature exd
resolution, the lstter; again, being a function of the conizast
ratio. This is discussed in detall in Section %.0.
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To the present time, the observations and measurements by
Fedorets (1951), Sytinskaye and Scharonov (1952), Sytinskaya
(1553), Fessenkov (1962) and others have provided the vasis
for studies involving lunar photaretric measurementa. The
recent rarzed increase in lunar studies has resulted in the
initiation of new and more accurate photometric measurements.
Ameng the studies currently in progress are those by
R. W. Shorthill of the Boeing Scientific Research Laboratories

end by Howard A. Fhon, U.8.G.86. Astrogeology Research Iaboralory,

Flegshaffy Arizona, Data from the above programs, directly
applicable to the present study, is not yet avallable,

Lunar photcometric mesasurements have been made by two basic
methods, photographic end direct. In the first method, the

"moon 1is photographed with an astronomical telescope.  Rigid
control is maintained et all stages of the photogrsphic process

to retain photometric accuracy of the vhotographle image.
Microdensitometer measurements of the vhotozreph are made and

. surface brightness computed from the recorded transmission

values. By this technique measurenents may be made over the
visible erea at essentially the scme instant in tine and-in
detail limited only by the resolution of the photogzraphs.
addition, other scans may be made at any subsequent time., The
technique is subject to the errors inherent in the phetozraphic
process, such as non-uniformity of the film or the precessing,
as well es those aerising from degradation of the image by, o ¥
atmospheric effects such as turbulence and absorption.

The second technique involves direct peasurement by photometric
scenning of the image at the focal plene of the telescope. In
general, the minimum practical size of the sensor resulis in
brightness values integrated over areas of 10 xilometer dizmmeter
or largzer as compared with about 1 xilometer by the photogruphilc
technique. In his rccent measurements, Shorthill integrated
values over & circular area equivalent to ebout 10 kilometers

on the moon, and Phon will be using a sensor covering about &0
kilometers. Precise control of telescope guidance throughout

a scan is essential to ensure proper correlation between the
photometer record and the corresponding position on the moon.
Calibration and standnrdization of instruzentation must be fre-.
quent and very carefully dopne. For example, Phon bases his -~
measurements on a comparison of twelve stars chosen for their

known brightness and spectral characteristics end their positicms. a
. with reference to the meon's position in the sky. Wildey and

Phon (Reference 5) have reported a standard error axounting ta
gbout 4% in preliminary direct photametric measurements of 25
luner features made using the Mt. Wilson 60 inch reflecicra -
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' Target Model Studles . ¢ - Co Sy

" shown in Figure 3.3-2.

. plane of illumination on the side facing the light soumrce to o

Variationa in Contralt &ﬁol

It has 'been shovn t.‘nat », because of the photometric characters.
istics of the lunar sudface, if the surface slopes .across the
field of view,modification of brightness will occur as a re- .
sult of changed geometry. Considering the field of view of the
camera system, off-axis line of sight will occur except at: the
nadir point. The geometrical relationships which determine
reflectance will be further modified as the line of sight deviates
from the camera axis. It is seen, then, that even with a unifcrm
surface, a brightness difference across the field of view will '
occur. This effect is 1llustrated in Figure 3.3-1 in which the
brightness ratio across a £ield, defined by a half

corresponding to off-axis a.ngles of 5° 10°, and 15°, is plotted
as a function of surface slope. Sun angles of 50° and 75° have
been used, and values computed:only for the plane of illumination,

For the purpose of analytical study of the factors determining :
contrast ratios, symetrical cones have been used as target models
for simulation of terrain features. The cores, having a kuowa
slope, will exhibit predictable contrast ratios when illuminated
at known angles and may be related to equivalent bar charts 4n
considering resolution of the photograph system. The target

cone and bar chart established for the li.miting resolution is

When a cone is 13.11:.minated at some angle from the normal to the
base, the surface brightness will grade from a maximum in the

¢inimum in the same plane on the opposite side. This is iilun-
trated in Figure 3.3-3. The maximm-minimn conirast ratieo acrcss
the cone, having a uniform surface conforming to Fedorets photc-
metric function, as a function of sun angle is shown in Figure 3.3~b/
On-axis line of sight .bhas been assumed.

Variation of line of sight angle will influence both the eppercad
phase engle, g, and the angle ®&. As a rgsult, the maxdmuz-minirus
contrest ratio across the cone model will be changed significantly.
Again, assuming a surface of uniform slbedo and phytemetric
characteristics, the maximum-minimum contrast across the ccne ag

a function of off-axis line of sight in the plane of {iluminsticn
has been compuied on the basis of Fedorets photometric function.
This has been plotted in Fignre 3 3-5 for thes limiting sun angles
of 50° and T5.% ,

The slope of the cone 15 26.6°. At ¢ sum engle of 75° £raz zonih,
the slope opposite the sun will be in bard shadow and conixcsis
across the cone would be meaningless. For thils case, the ccntras{:

has been taken as the ratio between the 11luminated sida of the . ¥

cone and a level surface accorcing to the rélation
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A o« ()
. - vhere R, and Rj are the reflectances of the cone surface and
- ) . level surface, respectively. .

3.3.2 - Luar Surface Photometric ¥ariations

", S " During en orbital pass of the Lunar Orbiter, changes will occur
o in phase angle, local slope of the surface, and the slbedo, = . CLE
producing changes in the brightness of the surface. Phase angle
at the nadir will vary at a rate determined by orbltal veloclty
and inclination to the illumination plane. Variations due to :
slope and albedo will occur at irregular frequency and amplitude ,e-
pending upon the nature of the surface being crossed.

A traverse of 200 kn along & lunar grest-circle amounts 1 6.Go°%.
 Since the orbital travel time will be only about 2.4 minutes,

. the effect of the lunar rotation on illumination angle can be

disregarded. The change in illumination angle will thus-ba

6.6° where the traverse is in the plane of illumination. -Where

the orbit is inclined to the illumination, the change will

amount to (6.6) COS @, where © is the angle between the orbit

plane and the illumination equator. Between {llumination angles
. of 50° and 75°, the meximum effect of the 6.6° change will smount
(T ‘ ’ to a A @ of 0.05, but because of the changed phase, the ratic of
— ) brightness across traverse will increase os the phase is increased.
This is shown in Table 3.3-2.
The albedo of the lunar surface is not uniform, as showa in
Table 3.1-1. In traversing a 200 lm distance, it 18 possivla
that the path may cross areas of both hizh and low albedo,
such as recent rayed craters on the dark marila, or crossing
from moria to continental or upland areas. As shown, the sur-
face lurinance will slso be a functicn of solar phase. Apsus-
ing, again, that the photometric functior is the same for 211
areas, these variations may be expressed &s contrast ratlic or
as differences in photographic f. stops. The surface reflectance
is the product of albedo and $. Using the values of § given in
Figure 3.1-1 and values for albedo glven by Sytinskaya in -
Table 3.1-1, some exposure differences across various features
. . have been computed and tabulated in Table 3.3-3, Because of itha
S 1imited number of areas for which albedoc values ore svallable,
r, el : the areas used in the calculations are not necessaxily within

: 200 km of each other, but are taken as representative of similar
features. : ’ '

It can be seen from the albedos listed in Table 3.3-1 that =oT
extreme differences can occur. It was pointed out that ihese
albedos are values wiich are averaged over an area of several
square kilometers, depending upon the optlcal system aond senso:

[+

' /’“3. ’ used in the megsurenment. Brightness of detail bpelow resolvabla
N size must span o ronge of values above and below the everage.
. Us 4268 2000 REV. /62 ] ) 2 K28R
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Bffect of 6.6° traverse on surface contrast.
| susarcIE ()| ¢4 AP AL
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. TABIE 3.3-2
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A

Contrasts due to albedo differdnces across a 200 kilometer traverse

P

RATIO
ad L~z )
Copernicus, bottoa { A = .120) to Sinus Medii 5
(0« 0.054) at g = 50, 56.5, 68.4, T5° 2.23 1.328
Copernicus, bottca at 50° to Binus Medii at 56.6° 2.72 1.84
Copernicus, bottca at 68.4%° to Symus lMedil at 75° 3.28 1.72
Copernicus, bettoa et 55.5® to Binus Medii at 50.0° 1.60 ¢.92
Copernicus, bottan at 75.0° to Simus Medii st 68.4° 152 | .60
’ et
TABIE 3.3-3
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" Data points for the slope distributions within 100 kilometer

This effect will accentuate the differences shown in Table 3.3-3.
A photographic exposure difference equivalent to at least two f.
stops and perhaps four may exist under such & circumstance, It
should be expected that such variation will occur within a 2CO
km lunar traverse, and possibly within the field of view of ths
camexrs. . L

The frequency and amplitude of surface brightness variation will
be strongly dependent upon the type of terrain over which a sensor
scans, end the area over which the sensor integrated reflected
light. It has been shown that variations in surface brightuess

is strongly dependent upon slopes. The occurrence of slopes will,
then, be indicative of brightness variation, the magnitude and )
frequency being e function of terrain roughiess in areas of unifcrn
albedo. Becasuse of present limitations on resolution to about 1
to 2 kilometers resclution of brightness variations can be no
better. A brief study has been made of the occurrence of sicres
on the lunar mare surface. An atterpt was made to derive the
distribution of slopes in the best detail afforded by the A.C.I.C.
Lunar Atlas Charts. Slopes averaged over 2 kllometer incrementa
of a 500 km profile along 14° S. latitude running east from 28° W.
longitude. The distribution curve is reproduced as Figure 3,3-8.

segments were included to indicate variability of terrain within

the complete section. No mountainous terrain was crossed by the
section. The maximum slope found was 10°, but between 963 - 98%

of the reasured slopes wvere less than 5°, while between Lo - 7Ch
were less than 1°. It would appear that over the marils,

variations in surface brightness due to slopes wlll not be a serdious
problem.

-

In the case.of the upland eress, vhich geperally includs compar-
atively rugged terrain, the problems will be of more concexn.

Two profiles across upland sreas vere drawvn from LAC T7, Ptelacneus,
The first was elong 4° S. latitude from 10° W to 2° E. Iongitude
and the second along 6° 8. latitude from 10° W to C° Longiiude.
Slopes were computed from the measured elevations between successive
2 kilometer intervals of horizontal distance. A plot of cummistive
percent of slopes &s a function of slope angle is shown in

Figure 3.3-7. Distribution within 100 kilometer segments were aloo
determined and the dsta pcints plotted to provide some indlcation
of terrcin variability. It should be understood that this curva
represents en example of upland terrain, but 1t 4s nct necescarily
representative of all upland areas. .

The more rugged nature of the uplands in comparison with the masie
becomes aspparent in the difference between slope distribution o
ghown in Figure 3.3-8. While the mare erea is shown to bave abont
60% of its slopes less than 1°, the upland aree has bub i5%. The
upland areas will, as » result, have a larger and more fregueat |
variation in reflectivity during a traverss, due to the slop2 {.:

dependence of the surface photometry.
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The distances between rajor slope changes will give an indicaticn
of the frequency of occurrences of brightness differcnces due to
terrain features. The horizontal distance: between the mojor
slope clianges was measured on the profile drawn for the upland
areas, and the cumlative percent of octurrence computed as a
function of length. This date has been plotted as Figure 3.3-9.
Tt is scen that the mean distance between slope chaunges is about
2 kilometers and that over 9% are less than 16 kilometers, the
long dimension of the high resolution camera field of view., If
an equal probability of rising and falling slopes 18 assumed,
this would indicate that about half the time, slopes in opposite
directions would appear at elther side of the photograph and re-~
sult in increased contrasts.

At perilune altitude, the vehicle velocity over the ground is
2.2 kilometers per second. Thus, the light fluctuations at the
nadir point will have & mean frequency of about 1l per secopd or
0.5 cycle/sec. from the larger terrain features., Swall surface
detail which cannot be resolved at present will undoubtedly
introduce additional higher frequency variations which may lilely
have equal or greater acplitude than indicated by slopes cbtained
from current lunar surface contouring.

An attempt was made to estimate the occurrence of shadows in the
upland areas on the basls of the profile prepared from the ACIC
Chert. Slopes were checked graphicelly using & smell template
prepared to represent the two sun angles of 50° and T5°¢ cn the
10:1 vertical exaggeration of the profile. Where shadows were
indicated by slopes equel to or exceeding the template, their
horizontal length was mezsured. No eattempt was made to slter
the sun angle along the traverse and thus the measurements re-
flect values for a comstent sun angle at the nodir polnt. Az

& simple check, shadow determinations were made for Toth corning
and evening direction of illumination. The results obiained
from the measurements along the 660 kilometers of profiie are
listed belowl '

Morning Evening
- 50° Sun 75° Sun 50° 8un TH" B .
Total length messured Kone 59.6 km None 55.5 km
Percent of length shadowved O 8.9 0 B.k%
Average length of shadows O 1.8 xm 1.6 xm

The above measurenents azgree reasonably well with the clor2
distribution curve (Figure 3.3-T) which wos cbieined by averaging
slopes over 2 kilometer distence. The method veed here con
indicate only gross shadows and gives no informaticon relative

to shadows produced by terrain detail such as ejecta Trapgrmenta

or srall craters which ere not resolved by the 2 kilometer
averagling, - :
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‘upon measurements of presumbly similar character.

An approximmte representatlon of surface brightness variatioms -
due to gross terrain features, surface charact ver, and {1humi-
potion has been derived as a "luminonce profile” scross an
equotorial section of the moon. In order to simplify the study,
spparent brightness of the surfoce ot the nadir point only was
considercd. Where the local surface was Very close to level,
the value of & would be zero and would vary only as & result of
surface slopes.
were not considered. Values for the albedo of the surface hove
been deteymined for only a limited number of locallzed areas
(Reference 1 and 3). Because of this lack of data, it was
necessary to assign values for various types of surface based
Cbviocusly,
such a procedure introduces an error into the representation,
tut 1t is probably within about 105. Construction of the pm—
file was based on the A.C.I.C. Iunar Atlas Charts ¢overing the
equatorial area from 50° East to T70° West Longitude. Eerivmix:g
at 50° East, the horizontal distance was nmeasured to positions
alonz the equator where terrain features or surfoce character
changes were believed to affect brightness. Where appreclable,
slopes were computed from elevation changes indicated by chart
contours. In the areas of upland-type terrain, where slope
changes were very frequent and irregular and the elevation
changes too small to be contoured, a slope variation of + 3° was
assuned. In some cases, this s:bope variaticn was modifiecd
according to the representation on the charts.

During an orbital pass across the moon's nearside, roteticn of
the moon 1is not enough to change phase for the purpose of this
study, thus the fllumiretion angle could be considered us &
function of lunar longitude. Three conditions of flluminaticu -
wvere considered:
1. Full woen, with the subsolar point
et O* latitude and O° Longltuds
2. First qu&rt-*, with the sub-golar
. point at $0° E Longitude and C°
latitude, and the terminator elong
0° Longitude
3. Iast quarter, with the sub-eclar
point at G0* W Longitude, C® Latitude
end the terminator along 0° Longltude

With these phases the value of g et any polat along tbe eguator
would be: ’
- Zqual to East and West Lopgitude st
Fuil Moon, with the value oif & changixy
sign, for & given slope directiom, at
0* Longituds

-3
Voriations in & due to the angular field of view
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function of the size of feature, or in this study, the lzagth ol th

.  90°® - East Longitude at First Quarter,
vhere only the eastern half of the
visible disk is lighted.

«  90° 4 West Longitude, at Iast Quarter S
where only the western hslf of the o
visible disk is lighted , _ L e

Since the mean length of the individual sections was ebout
14 kilometers, the mean Longitude of the sectlen normally
was used to determine the value of g. In the case of the
few long sections over 100 kilometers, where the surfaca
was more nearly uniform in character as in the naria, a
linear variation of g across the section was considered to
be an adequate approximation. A direction of travel frem
east to west was assumed. . - ' :

The albedo assigned to a given section was considered constont
scross its full length although it is recognized that variations
undoubtedly exist and that in many cases en albedo change will
occur as a more gradual blending rather than as sharply defined

" ‘boundaries. ,

The value of the photometric function, $, was determined for each
section based on Fedoret's observations. The relative brighiness
of each section is the product of @§ and the slbedo,pP. Usirg a
solar constant of 1l.31 x 10% foot candles, the surface lumincutes
in foot-lamberts was camputed for each secticn. These volies

were then plotted as luminence profiles for the three specificd
times of luner phase, and are shown in Figures 3.3-10 end 3.3-11.,

‘In Figure 3.3-10 where the profile extends from 50° E to T0° W undax

full moor illumination, the terminator is no% crossed end ro 2lopes
sufficient to procduce hard shadows were encountered on the gross
topography. For this reason, at no point does the lumincnce 4B

to zeroc. On the two passes crossing the terminstor, Figure 3.3-11,

hard shadows exist, and beceuse of terrain irregularities, tio
areas near the terminator show marked fluctustions dbetween thz
highlight and shadows. In the sections of the profiles covering
the L.O. illumination limits of 50° = 75° no shadcws Were enw
countered, although the general level of luminance changed by a
fector of about 3 to k. :

 The luminance changes due Lo surface character ocawgrad 7L

gl .
variable fregquency and amplitude. The frequency of ¢hanie 1o &

section considercd. A plot of the sectieon length end cunxdotive
percent of ocemrrance is siown in Figure 3.3-12. The fine $og-
quency ray be obtained by dividing the section lengih by tha
orbital velocity of the LO. It iz seen thet the mesa lengih of
section 1 1 ka and at aa orvital velocity of 1.7 kmfsec., %he
mean frequency of change is thus about 8.2 scccndse

B

A
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